t

Unclassified
SECURITY CLASSFCATON OF *oS PAGE AD-AZGS 29
i tApproved
T
ik 1Y

1a REPORT SECURITY CLASSIFICATION - WLt

Unclassified
23 SECURITY CLASSIFICATION AUTHO Y 3 DISTRIBUTION  AVAILABILITY OF REPORT

o ; Approved for public release and sale;

2b DECLASSIFICATION / DOWNGRATIWE N distribution unlimited.
4 PERFORMING ORGANIZATION REPORA » x ) S MONITORING ORGANIZATiON REFJIRT NUMBLRIS)

Report #22 il _ 4135010
6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL [ 7a NAME OF MONITORING ORGAN:ZAT ON

(If applicable)

University of Minnesota ONR Office of Naval Research
6¢c. ADDRESS (City, State, and 2P Code) 7o ADDRESS (City, State, and 2IP Code)

Department of Chemistry

207 Pleasant St. SE 800 N. Quincy Street

Minneapolis, MN 55455-0431 Arlington, VA 22217-5000
8a. NAME OF FUNDING / SPONSORING 8b OFFICE SYMBOL |9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATION (if applicable)

N001489J1301
. rch ONR
8c. ADDRESS (City, State, and ZiP Code) 10 SOURCE OF FUNDING NUMBE RS
PROGRAM PROJECT TASK WORK UNIT
800 N. Quincy Street ELEMENT NO I NO NO ACCESSION NO
Arlington, VA 2217-5000 61153N 4135 4135010

11 TITLE (include Security Classification}
"Engineering Solid-State Materials. Strategies for Modeling and Packing Control of

.

Molec - orks"  (Unclassified)

12 PERSONAL AUTHOR(S)

{ - i Vo Etter M. L. Uard D
T3a TYPE OF REPORT 13b TIME COVERED Ta DATE OF REPORT (vear, Month, Day) |15 PAGE COUNT
Technical rROM 6/1/92 10 5/31/93  April 22, 1993 15

16 SUPPLEMENTARY NOTATION

17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GRQUP SUB-GROUP
07 03 urea/cocrystal/materials design/hydrogen bonding

13 ABSTRACT (Continue on reverse if necessary and dentify by block number)

The crystal structure and properties of a number of urea cocrystals are studied with
regard to symmetry of the hydrogen-bonded molecular assemblies. The logical
consequences of hydrogen bonding interactions are followed step-bv-step. The problems
of aggregate formation, nucleation, and crystal growth are also elucidated. Endeavor
is made to envisage the 2-D and 3~D hvdrogen hond network in a manageable way bv
exploiting graph set short hand. Strategies of how to control the symmetrv of molecular
Packing are still to be elaborated. In our st. ategy, the programmed self~assemblv has
been based on the principle of molecular recognition of self- and hetero-comnlementary
functional groups. However, the main focus for pre-organizational control has been put
on the two~fold axis estimator of the urea molecule.

20 DISTRIBUTION / AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
EFuncLassiFeo/untimiTed [ same as reT ] oTIC USERS Unclassified
22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Code) | 22¢ QFFICE SYMBOL
Harold E. Cuard (202) _6468-4311 ONR Code 1113
DD form 1473, JUN 86 Preyious edit:ons are obsolete SECURITY CLASSIFICATION OF THIS PAGE

S/N 0102-LF-014-6603 Unclassified




OFFICE OF NAVAL RESEARCH

Grant or Contract N001489J1301

R&T Code 4135010

Technical Report #22

"Engineering Solid-State Materials. Strategies for Modeling and Packing
Control of Molecular Assemblies into 3-D Networks"

by

V. Videnova-Adrabinska, M.C. Etter and M.D. Ward

University of Minnesota
Department of Chemistry
Minneapolis, MN

April 22,1993

Reproduction in whole or in part is permitted for any purpose of the United
States Government

This document has been approved for public release and sale; its distribution
is unlimited.

93-10497
93 5 11 164 LT

—_




The concept of hydrogen bonding as a specific interaction paved the way for synthetic
receptor synthesis and programmed self-organization and supramolecular synthesis based
upon the recognition of the hydrogen bond active sites of two or more subunits. The
nature of any newly obtained species will depend upon the information stored in the
parent compounds. Molecular engineering approaches to the synthesis of new organic
solid state materials may replace techniques such as microlitography and vapor
deposition.

The goals of our studies are:
Control over the symmetry of molecular assemblies in three dimensional structures
through control over the site-symmetry of molecular self- and/or hetero-aggregates.

Control and optimization of the orientation of charge transfer axes toward optical
directions in the crystals for NLO applications.

Among the syminetry elements determining the space groups in organic molecular
crystals, the inversion center plays a pivotal role. Indeed, its absence is an absolute
prerequisite toward nonlinear effects. Thus, we have undertaken the effort to examine
systematically the relationships between the molecular and crystalline symmetry. In order
to clarify these relationships, the following notation will be used: small letters will
represent molecular point group types, capital letters crystal point group types.

Type a (or A) denotes the presence of direct rotation axis only.

Type m (or M) denotes the presence of mirrors (plane of symmetry) or inverse 4-

rotation, and, eventually, the presence of direct rotation axis.

Type i (or I) characterizes the presence of inversion center among the group

elements.
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In our dcsign effort, we seek o replace the inversion center I in the crystal for another v - a&;s

symmetry element A or M,

2 | P"

e
[ 2R




Results:

Our specific goals are to design and synthesize urea based cocrystals in which the twofold
symmetry and hydrogen bond characteristics of the urea molecule guide the self-
organization into noncentrosymmetric motifs. The two-fold symmetry, bifunctionality and
high density of hydrogen bonds make the urea molecule ideal for the approach as these
factors may override the influence of dipolar forces which tend to favor centrosymmetric
lattices.

Figure 1 depicts the unique structural aspects and symmetry of the urea molecule: urea is
bi-functional, i e, it can serve as both proton donor and proton acceptor. it 1s flat ana
possesses a 2-fold axis and a mirror plane, and contains four proton donor sites and one
oxygen accepting site. However, the oxygen site can accept up to four hydrogen bonds
arranged with local Cyy symmetry. The hydrogen bond acceptor and donor sites are
sterically accessible and can provide a directing influence over the aggregate symmetry.

Fig. 1. Spatial orientation of the hydrogen bond activity of urea molecule




We have synthesized and studied the structures of 10 cocrystals of urea with dicarboxylic
acids:

Urea/Succinic - (2:1)

Urea/Maleic - (1:1), (1:2) and (2:1) cocrystals

Urea/Fumaric - (2:1)

Urea/Glutaric - (1:1) and (2:1) cocrystals

Urea/Adipic (1:1) and (2:1) cocrystals

Urea/Azelaic (1:1) and (2:1) cocrystals

The most important structural data are coilected in Tables 1, 2 and 3.

As shown in scheme 1 the symmetry of the aggregate chains is controlled by the
symmetry of the urea molecule, the number of carbon atoms in the acid chain (odd, even),
and the stoichiometric ratio of the parent compounds. The only case where no inversion
center is introduced into aggregate chains is in the 1:1 urea/dicarboxylic acid complex, in
which the acid has an odd number of carbon atoms.

1:1 Urea/Dicarboxylic Acids

} } } } }
AN 72\ nodd

urea  carboxylic
acid

Y&E? AEY n -even

2:1 Urea/Dicarboxylic Acids

} {
N LN NN 7 INNT n-odd

N AN AN AN = XN\ even

Scheme 1. Symmetry control in urea/dicarboxylic acid hetero-aggregate chains




Scheme 2 and 3 depict the hydrogen bond motifs of the heteroaggregates in 1:1
urea/dicarboxylic acids with n- odd or even number. Only two accepting and two
donating abilities of urea are used to form polar chains. However, as it was already
mentioned, urea is capable of accepting 4 donors and 4 acceptors. These additional
hydrogen bond capabilities are used in order to form 2-D and 3-D networks (see Fig 2, 3),
which are not necessarily acentric.
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Scheme 2 Hydrogen bond connectivity pattern in hetero-aggregate 1:1 urea/glutaric acid




Schemes 4 and S depict the connectivity patiern of the hydrogen bonded hetero-
aggregates (chains) in 2:1 urea/dicarboxylic acids extended to next hetero-aggregates
(chains) to form 2-D and 3-D hydrogen bonded networks. In all crystals with n-odd
number of carbon atcms, the hydrogen bonded chains assemble into 2-D layers (fig.2).
However in cocrystals with n-even number of C-atoms, the hydrogen bonded chains are
arranged in a complex 3-D networks (fig 3).
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Scheme 6. Hydrogen bond connectivity pattern in hetero-aggregate 2:1 urea/glutaric acid




Fig.2a  Stereoview of the unit cell of 1:1 urea/glutaric cocrystal.
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Fig. 2b  Stereoview of the two dimmensional molecular layer depicting the
hydrogen bond connectivity patterns in 1:1 urea/glutaric acid cocrystal
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Fig. 3a. Two dimmensional hydrogen bond connectivity patterns in
2:1 urea/succinic acid cocrystal.

Fig 3b. Three dimmensional hydrogen bond connectivity patterns
in 2:1 urea/succinic acid cocrystal.




Interesting class of cocrystals appear to be the urea complexes with maleic acid. We have
synthesized and characterized by FTIR and NMR and melting points three different
cocrystals (1:1, 1:2 and 2:1 urea/maleic acid) (fig 4, 5). The weak C-H...Q and C-H...N
bonds play significant role for stabilizing the structure of those crystals. Fach two
hydrogen bonded molecular hetero-aggregates (1:2 urea maleic acid) form a
centrosymmetric super-aggregate through weaker N-H...O bonds, which in tumn are
combined through numerous C-H...O bonds into a nonpolar molecular sheets. In the 1:1
complex the strongest O-H...O and N-H...O interactions are used to form weakly polar
chains. The y-components of urea dipole moments cancel in the 3-D networks, but the x-
and z- components are non-zero. The chains are connected into polar sheets by weaker N-
H...O bonds. Additional weak C-H...O bonds control the molecular forces between the
sheets. This fact is very likely to be decisive for the noncentrosymmetric arrangement of
1:1 urea/maleic acid molecular aggregates in a noncentosymmetric 3-D networks.
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Fig. 4, Stereoview of 1:2 urea/maleic acid hetero-aggregate (a) and the hydrogen
bonded molecular layer (b).




Fig. 5. Stereoview of the 1:1 urea/maleic acid hetero-aggregate (a) and the hydrogen
bonded polar layer (b).
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